Abstract-It has been argued that cement is the most energy intensive and expensive material in concrete. It has also been suggested that energy efficiency could be achieved by using Supplementary Cementitious Materials (SCMs), which require less process heating and emit fewer levels of CO2. This paper reviewed studies from different authors on the possibility of using Corn Cob Ash (CCA) as a SCM. The review targeted studies that had applied the quantitative method, with validity and reliability based on empirical data from laboratory experiments. The review covered workability, density, compressive and tensile strengths, gain in strength over time, water absorption and chemical resistance of CCA-replaced concrete. From the findings, it can be concluded that CCA could be used as an effective SCM to replace cement in concrete, with the benefit of a reduction in CO2 emissions that are associated with the production of cement and a mitigation on environmental nuisance that is attributed to the throwing away of corncobs and CCA in landfill, while at the same time improving the properties of wet and hardened concrete.
I. INTRODUCTION
Cement is the most utilised material globally, and its consumption only seconds that of water [1] . There is consensus in literature that the production of cement contributes immensely to anthropogenic CO2 [2] , [3] . About 7% of the total global carbon loading is associated with cement, as opposed to only 2% that is attributed to aviation [3] , [4] . It has also been suggested that the production of a tonne of cement emits approximately an equivalent tonne of CO2 [5] .
It has further been argued that cement is the most expensive constitute of concrete, its prices bearing an astronomical increase yearly [2] , [3] . As this cost continues to rise, the need for locally available materials as an alternative for the construction of functional but low-cost buildings cannot be over emphasised [6] . It is also possible that energy efficiency can be achieved by using materials that require less process heating and emit lower levels of CO2 [7] .
Corncob Ash (CCA) is one of these materials, alongside others such as Pulverised Fuel Ash (PFA), Ground Granulated Blast Furnace Slag (GGBS) and Rice Husk Ash (RHA) [8] . Corncob was defined by [2] as the agricultural waste that is obtained after the harvest of corn, whereas [8] Published on August 15, 2017 . J. Kamau is with the Civil Engineering Group. Leeds Beckett University, Leeds, England, UK (email: John.kamau@yahoo.com)
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As they are an agricultural waste, corncobs and CCA are thrown away in landfill, causing environmental nuisance, a problem which could be mitigated by using CCA in concrete as a Supplementary cementitious material (SCM) [3] , [8] .
SCMs are defined as materials that are used alongside cement in concrete [8] , [9] . These materials can exhibit pozzolanic properties by not gaining strength when they are mixed with water, for example PFA class F and RHA, cementitious properties by gaining strength when they are mixed with water for example GGBS, or exhibit both pozzolanic and cementitious properties for example PFA class C [10] . SCMs can be categorised as cementitious if their calcium oxide (CaO) content is greater than 20% or both pozzolanic and cementitious if the CaO content varies between 10% and 20% [11] . The American Society for Testing and Materials [12] requires that for PFA class F, the chemical composition should constitute a sum of at least 70% silicone dioxide (SiO2), aluminium oxide (Al2O3) and iron oxide (Fe2O3).
SCMs are characterised by a delayed gain in strength because they contain lower levels of CaO which is essential for early strength development [13] . SCMs therefore only act as fillers in the early age without contributing to strength, as they have to wait for the hydration products of cement, such as calcium hydroxide [Ca(OH)2], with which they react at a latter age to form further strength giving compounds such as Calcium Silicate Hydrate (C-S-H) [8] . This reaction of SCMs with Ca(OH)2 is known as the pozzolanic reaction and is shown in (1) [8] .
SiO2 (from SCMs) + Ca(OH)2 (Hydration product of cement)
Calcium Silicate Hydrate (C-S-H)
The C-S-H that is produced as a result of the pozzolanic reaction is less dense and less permeable than the cement components from which it is generated [8] , [14] .
SCMs are associated with good workability of concrete mixes due to their lower densities which increase the volume of mixes, prevent block formation of cement particles and by the filler effect of their finer particles between aggregates and cement grains reduce friction between particles, facilitating a better flow of concrete [8] .
One of the causes of lack of durability in sodium sulfate (Na2SO4) environments is a high content of Ca(OH)2, sulfate (SO4), Fe2O3, alluminate (C3A) and low levels of SiO2 [15] . Ca(OH)2 reacts with sulfates to form gypsum and with C3A and other alumina-bearing hydration products to form ettringite [15] .
SCMs have been reported to improve the performance of concrete in Na2SO4 environments as they refine pores, dilute 
II. RESEARCH SIGNIFICANCE
CCA has been remotely studied and the awareness of its capability as a SCM in concrete has not been widely publicised. This review brings together work that has been carried out by different authors and systematically evaluates the evidence with an aim of drawing conclusions for the purposes of increasing awareness on the use of CCA in concrete.
III. CHOICE OF STUDY DESIGN
All studies selected for review were those that had applied the quantitative method, with validity and reliability based on empirical data from laboratory experiments. According to [16] , quantitative and empirical methods are easier to verify by experiments and observations. Adesanya and Raheem [2] , [16] - [21] , [17] , [18] are the studies that were selected for review.
IV. DISCUSSION
Adesanya [19] investigated on CCA replacements of between 0 and 50%, [2] , [20] , [21] on 0 and 25%, [22] on 0 and 30%, [17] on 0 and 20%, [18] on 0 and 30% replacements by the weight of cement, whereas [23] experimented on 10 and 20% replacements by the volume of cement. Kamau, et al. [24] investigated on water absorption of CCA specimens at the 7.5 and 30% replacements. The 0% replacement, also referred to as the control in this work, was the reference from which all performances were measured [21] . Table I shows the mix proportions adopted by the studies. A. Chemical analysis Table II shows the chemical analysis of samples reported by different authors from X-ray analysis. From Table II , [2] and [18] 's samples satisfied the minimum requirement of [12] for pozzolans, which is a combination of SiO2, Al2O3 and Fe2O3 of at least 70%.
B. Production of CCA Adesanya and Raheem [2] used uncontrolled incineration after grinding dried corncobs to about 4 mm, and inter-grinding CCA with cement during the manufacturing process, whereas [22] and [18] used uncontrolled incineration and replaced cement at the point of need. Kamau, et al. [22] did not grind corncobs before incineration.
C. Workability
Kamau, et al. [22] and [17] reported that CCA improved the workability of mixes studied, with [17] reporting the highest workability at the 20% replacement and [22] reporting it at the 30% replacement. Kamau, et al. [22] reported slumps of class S5 from Table III of [25] . However [20] , [23] , [19] and [18] reported a decrease in workability with further addition of CCA in concrete. The authors attributed the loss in workability to the increased amount of silica in the concrete as a result of using CCA. The findings of [20] and [18] and their assumptions could be plausible, since from Table II , the amount of silica reported exceeded that reported by [22] , who reported an increase in workability with further addition of CCA.
D. Density
Adesanya [19] reported a decrease in weight with further CCA replacement. For [22] , [23] and [18] , the densities of CCA-replaced specimens were below those of the control, confirming assumptions in literature that SCMs possess lower particle specific gravity, which increase the volume of mixes per unit mass [8] . Densities were also observed to decrease with further curing by [22] , consistent with literature that SCMs consume Ca(OH)2 through the pozzolanic reaction to produce the less dense C-S-H [14] . Olafusi and Olutoge [23] , however reported that density increased with curing age, but decreased with further CCA replacement. Table III and Fig. 1 show compressive strengths reported by the studies included in this review. For [17] , compressive strengths increased above those of the control with the addition of CCA up to the 10% replacement, after which they decreased with further replacement, whereas [19] reported strengths that were above those of the control at 28 days. Adesanya and Raheem [20] reported compressive strengths that were above those of the control for replacements of up to 8%, with compressive strengths capable of use for structural applications as per [26] being reported for all replacements. Udoeyo and Abubakar [18] reported high compressive strengths suitable for structural applications for the 10% replacement, whereas [23] reported 10% as the level of replacement by the volume of cement that was satisfactory in compressive strength so as not to compromise structural integrity. However, the compressive strengths reported by [20] from all replacements were below the classes that are specified by [26] as being suitable for structural applications. Price, et al. [17] reported impressive compressive strengths suitable for use in structural applications as per [26] for up to the 15% replacement, whereas for [22] , compressive strengths obtained from replacements of up to 25% were impressive.
E. Compressive strength
All studies reported that compressive strengths decreased with further addition of CCA.
The compressive strength results should however be interpreted with caution as mix proportions adopted and shown in Table I also appear to have influenced the strengths of the resultant concrete.
F. Tensile Strength
The tensile strength of concrete has generally been reported to be low [27] . For this reason, steel bars, which are strong in tension have been used to reinforce the tensile zone of concrete [27] . Table IV shows the tensile strengths reported by [22] , [23] and [18] . Tensile strengths were above 80% of the control specimens at the 10% replacements and between 50 and 60% at the 20% replacements for the three studies. Tensile strengths, like compressive strengths decreased with further replacement. 
G. Increase in strength over time
From Fig. 1 , it is clear that CCA specimen cured for longer periods of time showered higher strengths. Kamau, et al. [22] and [23] reported a delayed increase in strength at 28 days, even though [19] reported considerable gain in strength for the CCA-replaced specimens compared with the control at the same age. Adesanya and Raheem [20] and [22] reported strength developments that were higher than those of the control, indicating long-term strength development. This delayed strength development was discussed earlier as being a characteristic of SCMs, whereby in the early age they only act as fillers, because they have to wait for the hydration products of cement before the pozzolanic reaction can commence [8] . In the latter ages, SCM-replaced concrete could develop strengths that are higher than those of 100% cement [13] .
H. Water absorption
Adesanya [19] reported a reduction in water absorption of concrete as a result of using CCA. Adesanya and Raheem [21] reported a decrease in water absorption for CCAreplaced specimens, which increased with further CCA replacement. This, as discussed earlier could be associated with the formation of the less permeable C-S-H, a product of the pozzolanic reaction through the reaction of SiO2 with Ca(OH)2 as is shown in (1) [14] , [8] . Kamau, et al. [24] reported a lower coefficient of water absorption at the 7.5% replacement but a higher coefficient of water absorption at a higher replacement. Udoeyo and Abubakar [18] however reported that the control specimens were superior to all CCA specimens at all levels of replacements in resisting water absorption.
I. Chemical resistance
Kamau, et al. [22] reported a good performance of CCAreplaced specimens over the control specimens in Na2SO4 and mixed Na2SO4 and MgSO4 solutions on expansion. CCA's performance on expansion in the MgSO4 solution was however below that of the control. The rate of strength deterioration for CCA specimens studied by [22] was also lower than that of the control specimens in the Na2SO4 and mixed Na2SO4 and MgSO4 solutions but was higher in the MgSO4 solution. Adesanya and Raheem [21] reported a good performance of CCA-replaced specimens in hydrochloric acid (HCL) for replacements of up to 20%, after which the performance reduced significantly.
V. INFERENCE
For Kamau, et al. [22] and [17] , workability improved with increased CCA replacement. It therefore appears that it could be possible to optimise on strength by using lower WCRs through the incorporation of CCA in concrete in line with Abram's law of WCR, which states that the strength of a concrete mix is determined by the WCR, with lower WCRs spelling higher strengths and vice versa [28] , [20] . Debate, however still exists on the ability of CCA to improve the workability of concrete, with [19] , [20] , [23] reporting a reduction in workability with the addition of CCA. Further work targeting this anomaly is recommended
The studies reviewed agreed on the reduction in the weight of specimens below those of the control with the addition of CCA, showing that CCA could possess the characteristic of SCMs of a lower specific gravity, which increases the volume of mixes per unit mass [8] . Density was observed to decrease with curing age by [22] , signifying a possible presence of the pozzolanic reaction which consumes Ca(OH)2 to produce the less dense C-S-H. However, with [23] reporting an increase in density with curing age for CCA-replaced concrete, further work is called for to address the anomaly.
From the compressive strength results, evidence from different authors shows that CCA could be safely used in structural concrete for replacements of between 8 and 10%, even though for some authors this value was reported for up to the 25% replacement, whereas for others, compressive strengths achieved by all replacements were below those recommended for structural applications.
The addition of CCA did not significantly reduce the tensile strengths of concrete below those of the control specimens as is evident in Table IV . This signifies the great potential of using CCA in concrete to reduce on environmental nuisance that is otherwise caused by throwing away of corncobs or CCA in landfill. Moreover, cement having been argued to be the most expensive constituent of concrete [2] , [3] , the use of CCA to partially replace it in concrete could also help in lowering the cost of mixes.
The increase in compressive strengths over time evidence from different authors points towards a conclusion that CCA could be portraying the behavior characteristic of SCMs, whereby through the pozzolanic reaction, further C-S-H is produced with the consumption of Ca(OH)2 at a latter age, and that CCA could be used as a SCM to improve the compressive strength of concrete with time, thereby mitigating on the regressive nature of compressive strength, which is a characteristic of concretes that are made out of 100% cement [8] .
From the results of water absorption, it is clear that debate remains on the ability of CCA to reduce the permeability of concrete, with [19] , [20] , [22] reporting a good performance of CCA in resisting water absorption over the control specimens, and [18] reporting a poor performance for all CCA replacements in resisting water absorption. Kamau, et al. [24] also reported a poor performance of CCA in resisting water absorption at a higher replacement. Further work targeting this anomaly and also to ascertain the optimum replacement level for low water absorption would be helpful.
From [22] 's work, it can be concluded that CCA could be used with an advantage over 100% cement in the Na2SO4 and mixed Na2SO4 and MgSO4 environments. The results are consistent with literature that SCMs in Na2SO4 environments refine pores, dilute C3A and remove Ca(OH)2 by converting it into a cementitious material, thereby limiting the quantities of gypsum formed, but that in MgSO4 environments, SCMs are more vulnerable to attack by Mg(OH)2 [8] . This evidence serves to show that the behavior of CCA in sulfate environments imitates that established for SCMs, and as such, CCA could effectively be used as a SCM. Adesanya and Raheem [21] 's evidence equally shows that CCA at lower replacements could improve the performance of concrete in acidic environments through the reduction of permeability, subsequently slowing down the ingress of aggressive substances.
This review concentrated on the best evidence that is available on the use of CCA as a SCM, and the authors of this work believe that this evidence, though limited might be as good as it gets in the near future. The authors also believe that were more studies available for review, it is unlikely that the findings and conclusions would have been changed significantly. However, since some anomalies still exist in areas such as of workability, density, compressive strength and water absorption, the authors recommend that the conclusions of this work should be interpreted with caution, and that further research targeting these areas of anomaly is required.
Further publications and promotion campaigns to enhance awareness on the use of CCA as a SCM, as well as formulation of national guidelines on the quality assessment and its use in concrete are also encouraged. From Table II , it is evident that although [2] , [22] and [18] all used uncontrolled incineration to produce CCA, there is a big disparity in the chemical composition between [22] 's sample and those of [2] and [18] . In as much as this difference in chemical composition might have been caused by the geographical locations of where the corn was grown, it could equally be as a result of the lack of guidelines which detail the incineration procedure, since for example, a question may be posed, 'could the inferiority in chemical composition of the sample studied by [22] have been caused by incinerating corncobs before grinding them down to 4 mm? ' Together with contributing to the body of knowledge, the authors of this work are of the opinion that this work could be a framework and a springboard for further studies which will increase awareness of the possibility of using CCA as a SCM in concrete to reduce on emissions that are associated with the production of cement and mitigate on environmental nuisance that is attributed to the throwing away of corncobs and CCA in landfill, while at the same time improving the properties of both wet and hardened concrete.
VI. CONCLUSION
This review brought together works from different authors on the possibility of using Corn Cob Ash (CCA), a product of agricultural waste, as a supplementary Cementitious Material (SCM) in concrete with a view of reducing on anthropogenic CO2 that is associated with the production of cement and minimising on environmental nuisance that is attributed to the throwing away of corncobs and CCA in landfill, while at the same time improving the properties of fresh and hardened concrete. A conclusion that CCA could be effectively used in concrete as a SCM was arrived at based on the following evidence: 1) CCA seemed to improve the workability of concrete mixes for some authors. This, as discussed earlier is a major characteristic of SCMs. However, this area still remains under debate as some authors reported otherwise. 2) Compressive strengths achieved by most of the authors were those capable of being used for structural concrete, signifying that the addition of CCA did not compromise the strengths of the resultant concrete. 3) CCA concrete gained strength at a higher rate over time compared with the control concrete, signifying a possible presence of the pozzolanic reaction which results in further strength giving Calcium Silicate Hydrate (C-S-H). 4) CCA appeared to reduce the water absorption of concrete for some authors, a characteristic of SCMs due to the formation of the less permeable C-S-H from the pozzolanic reaction. Water absorption was however reported to increase with further addition of CCA by one author. 5) CCA was effective in resisting chemical attack in concrete, a characteristic of SCMs due to the formation of the less permeable C-S-H, which slows down the ingress of aggressive substances.
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